Microbial ester kinases identified in the past 3 decades came as a surprise, as protein phosphorylation on Ser, Thr, and Tyr amino acids was thought to be unique to eukaryotes. Current analysis of available microbial genomes reveals that "eukaryote-like" protein kinases are prevalent in prokaryotes and can converge in the same signaling pathway with the classical microbial "two-component" systems. Most microbial tyrosine kinases lack the "eukaryotic" Hanks domain signature and are designated tyrosine kinases based upon their biochemical activity. These include the tyrosine kinases termed bacterial tyrosine kinases (BY-kinases), which are responsible for the majority of known bacterial tyrosine phosphorylation events. Although termed generally as bacterial tyrosine kinases, BY-kinases can be considered as one family belonging to the superfamily of prokaryotic protein-tyrosine kinases in bacteria. Other members of this superfamily include atypical "odd" tyrosine kinases with diverse mechanisms of protein phosphorylation and the "eukaryote-like" Hanks-type tyrosine kinases. Here, we discuss the distribution, phylogeny, and function of the various prokaryotic protein-tyrosine kinases, focusing on the recently discovered Mycobacterium tuberculosis PtkA and its relationship with other members of this diverse family of proteins.
Signal transduction mediated by protein phosphorylation is a complex and highly regulated means for cells to sense and respond to their environment. In eukaryotes, this process is mediated primarily by serine, threonine, and tyrosine kinases and has been intensely studied for Ͼ50 years (1) . However, in prokaryotes, research progress has been slower; until their discovery in the late 1970s, protein phosphorylation was thought to be unique to eukaryotes. Although pioneering experiments identified phosphorylation on Ser and Thr residues (2, 3) , it was the two-component systems consisting of histidine kinases and response regulators that were first discovered in the early 1980s (4, 5) and heavily researched in bacteria. These findings led to the initial hypothesis that Ser/Thr/Tyr phosphorylation is a eukaryotic trait, whereas His/Asp phosphorylation is restricted to prokaryotes. This understanding has since been revised on both fronts. Hundreds of homologous two-component systems have been found in eukaryotic organisms (6) , and with the dis-covery of Ser kinase/phosphatase (7) and later Hanks-type Ser/ Thr protein kinases (8) , Ser/Thr protein phosphorylation is now well established in bacteria (9 -11) . In fact, analysis of available microbial genomes combined with recent metagenomic data from global ocean sampling revealed that "eukaryote-like" protein kinases are as prevalent in prokaryotes as their histidine kinase counterparts (12) . Furthermore, we and others have shown experimentally that these two systems can converge in the same signaling pathway in both eukaryotic and prokaryotic organisms (13) , broadening the complexity and integration of these signaling events.
The discovery of Ser/Thr protein kinases in bacteria left a surprising absence of identifiable Hanks-type prokaryotic protein-tyrosine kinases (PPTKs), 2 despite the presence of bacterial protein-tyrosine phosphatases. Instead, proteins with homologies to various kinase and non-kinase protein families were shown to possess tyrosine kinase activity. Most notably, beginning with the discovery of Ptk in Acinetobacter johnsonii (14) , an entire family of proteins with homology to MinD and ArsA ATPases have been identified to be protein-tyrosine kinases (15) . With no known eukaryotic counterparts, these kinases have been termed bacterial tyrosine kinases (BY-kinases), and they are responsible for the majority of known bacterial tyrosine phosphorylation (15) . Nevertheless, tyrosine kinases that do not show homology to the BY-kinases continue to be discovered in bacteria, including, among others, PtkA from Mycobacterium tuberculosis (16) . As such, the BY-kinases are one family belonging to the superfamily of protein-tyrosine kinases found in bacteria, which we will refer to here as the PPTK superfamily. The other two families are the Hanks-type PPTKs and an umbrella family of "odd" PPTKs. Phylogenetic analysis of the kinase domains of known PPTKs (Table 1) demonstrated clustering into these three families ( Fig. 1 ), supporting our classification system.
BY-kinases
The burgeoning field of BY-kinases is highlighted in a recent set of excellent reviews (15, (17) (18) (19) (20) . To avoid redundancy, readers are encouraged to refer to these publications for broader background information. Here, we highlight our point of view based on our understanding and some recent advances.
With Ͼ6700 entries in the BY-kinase database (BYKdb) (90) as of this writing, BY-kinases represent a major class of tyrosine kinases that do not share sequence or structural homology to eukaryotic tyrosine kinases (21) . Instead, the catalytic domain of BY-kinases consists of variants of the Walker A (P-loop) and Walker B motifs, which are involved in nucleotide binding and hydrolysis, respectively. BY-kinases possess an additional motif located between the Walker A and B motifs, designated Walker AЈ, which is also found in certain P-loop nucleotide kinases and other ATPases (15) .
BY-kinases are organized into two subfamilies based on their architectural types, the Gram-negative Proteobacteria-type (P-type) and the low-GC Gram-positive Firmicutes-type (F-type), designated for their abundance in, but not restricted to, these two phyla (22) . The P-type contains an N-terminal two-pass transmembrane portion with an extracellular hairpin loop domain. The intracellular portion encompasses the catalytic domain and a tyrosine-rich C-terminal domain as the site for autophosphorylation. In the F-type, the extracellular transmembrane domain and the intracellular catalytic domain are two independent proteins encoded by two separate genes. Kinase activity in this two-protein F-type requires interaction between the intracellular tail of the transmembrane activator protein and the catalytic polypeptide (23) .
The abundance of the two subfamilies of annotated BY-kinases and their distribution among bacterial phyla is shown in Table 2 . Despite their designation, both the single-protein P-type and the two-protein F-type can be found in nearly all bacterial phyla (Table 2 ) and, in some cases, even in the same organism (e.g. Myxococcus xanthus) (24) . With the obvious exception of the Firmicutes, the predominant form of BY-kinases within each phylum is the single-protein P-type, including within the high-GC Gram-positive Actinobacteria phylum ( Table 2) .
BY-kinases are involved in many diverse functions in bacteria, such as antibiotic resistance (25) , DNA replication (26) and metabolism (27) , heat shock response (28), biofilm formation (29, 30) , spore formation (24), and virulence (31-33). The majority of characterized BY-kinases regulate the production and export of capsular and extracellular polysaccharides (Table  1) . Table 1 provides a list of known BY-kinases, their substrates, and functions.
In Escherichia coli, the cps locus, encoding the Wzc BY-kinase and its cognate tyrosine phosphatase, Wzb, is responsible for group 1 capsule biosynthesis (34, 35) . Interestingly, both kinase and phosphatase activities are required for proper exopolysaccharide synthesis (36 -38) . Specifically, the overall level of phosphorylation of the tyrosine-rich cluster is responsible for Wzc activity (37) . These findings led to a cycling hypothesis whereby Wzc alternates between phosphorylated and Wzb-mediated unphosphorylated states (20) . This phenomenon highlights the elegant use of bacterial signal transduction pathways where a kinase and a phosphatase are used in concert to control synthesis of functional and structural elements. Structural dependence on phosphorylation status is also exemplified by this system. In its unphosphorylated state, Wzc forms an oligomer able to transautophosphorylate the tyrosine cluster through association of its kinase domains (39) . In its phosphorylated state, Wzc dissociates into active monomers, where it is free to phosphorylate its substrates, including UDPglucose dehydrogenase, an enzyme involved in the synthesis of polysaccharide precursors (40) . Dephosphorylation of Wzc by Wzb returns Wzc to its unphosphorylated state (33, 41) , completing the cycle. Initially, a low-resolution crystal structure suggested that dephosphorylated Wzc forms a tetrameric structure that spans the periplasm and interacts with the outer membrane octameric porin Wza (42) . However, work by Bechet et al. showed that Wzc in its dephosphorylated state generates an octamer postulated to form a channel passing through the inner membrane (39) and interacts with the octameric outer membrane porin (42) . This complex putatively forms a complete channel that is able to span both membranes. The octameric quaternary structure of Wzc agrees with the finding that the recombinant Wzc homolog in Staphylococcus aureus, CapAB fusion protein, also forms an octamer when dephosphorylated (43) . This opens up a fascinating new hypothesis that Wzc-Wza may be a novel secretion system, allowing for the export of precursors for capsule biosynthesis. Further experiments are required to test this hypothesis.
The E. coli group 4 capsule (34) is synthesized by the same Wzy-dependent mechanism as the cps locus and uses the BYkinase Etk and its cognate tyrosine phosphatase, Etp. Interestingly, Etp is tyrosine-phosphorylated, and its phosphorylation state affects capsule biosynthesis (44) . Adding to the complexity of this model for capsule synthesis, neither of the E. coli BY-kinases (Etk or Wzc) are required for Etp phosphorylation, indicating there are additional unidentified PPTK(s) responsible for this phosphorylation (44) .
Hanks-type Tyrosine Kinases
Although Hanks-type PPTKs are not readily identifiable in bacteria, bacteria are not completely void of these kinases. M. xanthus MasK, involved in motility, is currently the only known protein-tyrosine kinase in bacteria that bears a Hankstype tyrosine kinase-specific active-site signature (45) . Pathogenic E. coli harboring the Shiga toxin type 2-encoding bacte- 
Distribution of annotated BY-kinases
The number of single-protein P-type (red) and two-protein F-type (green) BYkinases is given for each bacterial phylum. Phyla with no known BY-kinases are not shown. Data are updated from Ref. 15. riophage 933W also expresses a Hanks-type PPTK, Stk. Although technically a phage protein, Stk is involved in maintaining lysogeny and bears homology to Ser/Thr protein kinases, but it instead possesses tyrosine kinase activity (46) . Furthermore, the Ser/Thr kinase PknD of Chlamydophila pneumoniae was also found to autophosphorylate on Tyr residues and thus belongs to a new group of dual-specificity protein kinases (DSPKs) in bacteria (47) . Two additional Hanks-type PPTKs, PrkD and PrkG, were recently identified in Bacillus anthracis, and they belong to two separate DSPK subfamilies (48) . Both PrkD and PrkG autophosphorylate on Ser/Thr and Tyr residues, with PrkG transphosphorylating the artificial substrate myelin basic protein also on all three residues. Regulated predominantly by tyrosine autophosphorylation, PrkD is able to phosphorylate its endogenous substrates only on Ser and Thr (48), a mechanism typical of eukaryotic dual-specificity tyrosine phosphorylation-regulated kinases (DYRKs) (49) . Therefore, PrkD represents the first known prokaryotic DYRK-like protein (48) .
"Odd" Tyrosine Kinases
A handful of additional proteins, including M. tuberculosis PtkA, belonging to various protein families were also found to possess tyrosine kinase activity (Table 1) . Because these kinases are few and sparse, with only one reported occurrence in each protein family, we describe these kinases here under the umbrella term "odd" PPTKs.
DivL is an essential tyrosine kinase in Caulobacter crescentus that is involved in cell cycle progression via phosphorylation of its substrate, CtrA (50) . Interestingly, DivL belongs to the twocomponent system histidine kinase family. However, in place of the conserved histidine residue at the site of autophosphorylation, DivL is equipped with a Tyr residue that undergoes autophosphorylation (50) .
WaaP of Pseudomonas aeruginosa and PutA of Salmonella typhimurium are not strict protein-tyrosine kinases, as other functions have been ascribed to these proteins. WaaP is described to contain 9 of the 11 conserved Hanks domains of eukaryotic kinases (51), but it is also an essential sugar kinase involved in core lipopolysaccharide biosynthesis (52) . PutA has a suspiciously large array of functions. In addition to catalyzing two separate steps of proline degradation and functioning as a DNA-binding transcriptional repressor, the bifunctional PutA is described to possess Ser, Thr, and Tyr dual-specificity autophosphorylation activity (53) . As no follow-up experiments on kinase activity have been performed in nearly 2 decades, it may be worthwhile to confirm PutA autophosphorylation.
The McsB protein found in Bacillus subtilis and B. anthracis was thought to use its guanidinophosphotransferase domain to autophosphorylate and phosphorylate its substrate, CtsR, on Tyr (54). However, McsB was later determined to be the first known protein-arginine kinase in bacteria (55, 56) . Involved in regulating the heat shock response, McsB phosphorylates the CtsR repressor of class III heat shock response genes on Arg (54, 55) . Furthermore, the annotated protein-tyrosine phosphatase that acts in opposition to McsB was also shown to be a phosphoarginine phosphatase (57).
The "odd" tyrosine kinases DivL and PtkA (described below), as well as the majority of the Hanks-type PPTKs, represent the sole tyrosine kinase found in their respective protein subfamilies (Table 1) . However, the existence of one tyrosine kinase strongly suggests the existence of additional kinases within the same subfamily. For example, the annotated sensor histidine kinase BC4770 of Bacillus cereus and its orthologs in B. anthracis and Bacillus thuringiensis contain Tyr amino acids instead of His at the site of autophosphorylation (58) . Therefore, these proteins likely represent additional members of the histidine kinase-like protein-tyrosine kinase subfamily to which DivL belongs. In addition, as described below, the entire operon containing the protein-tyrosine kinase PtkA in M. tuberculosis is conserved in multiple Actinomycetes species.
M. tuberculosis PtkA
Within a pathogenicity cluster in M. tuberculosis, we have identified an open reading frame that encodes a unique proteintyrosine kinase, PtkA (16) . PtkA was originally annotated as a member of the haloacid dehalogenase (HAD) superfamily based upon sequence homology. However, biochemical analysis of its enzymatic activity demonstrated that PtkA is a genuine protein-tyrosine kinase (16) . PtkA is therefore the first of its kind in the HAD family, which, despite the terminology, consists of a vast number of phosphotransferases, phosphatases, ATPases, and phosphoglucomutases, in addition to dehalogenases (59) .
Signature motifs of Hanks protein kinases, such as the glycine-rich domain, are not found in PtkA, nor are Walker A, AЈ, and B motifs typical of BY-kinases. Hence, PtkA is considered here as an odd PPTK. Interestingly, extension of the HAD domain of PtkA (hhhhDhD) bears striking resemblance to the Walker AЈ motif (hhhhDXDXR), where h is a subset of hydrophobic amino acids (ILVFM) commonly found in BY-kinase conserved sequences (60) . Point mutations of the three Tyr residues in PtkA revealed that Tyr-262 is the site of autophosphorylation (16) . Furthermore, mutations of the first aspartate residue of the highly conserved DXD motif, which is essential for the phosphotransferase catalytic mechanism in HAD enzymes (59) , abolished the tyrosine kinase activity of PtkA (16) . These observations indicate that PtkA might utilize an enzymatic mechanism that is similar to that of other HAD members but has been fine-tuned for tyrosine phosphorylation. Further biochemical studies on PtkA activity are ongoing to elucidate its exact catalytic mechanism.
ptkA is located in an apparent three-gene operon upstream of ptpA, encoding the low-molecular-weight protein-tyrosine phosphatase PtpA (61, 62) , and Rv2235, encoding a predicted transmembrane protein. Interestingly, with reverse analogy to the BY-kinases that are dephosphorylated by their cognate tyrosine phosphatases (41) , PtkA phosphorylates the M. tuberculosis protein-tyrosine phosphatase PtpA (16) . As with many of the BY-kinases involved in exopolysaccharide synthesis, PtkA and PtpA do not form classical on/off switches of signal transduction. Instead, PtpA is secreted by M. tuberculosis into the host macrophage during infection (61) , and thus, the PtkA-PtpA kinase-phosphatase pair seems to be geared to a linear pathway targeting the human host protein machinery. In the host, PtpA binds to subunit H of the human vacuolar H ϩ -ATPase pump and dephosphorylates human VPS33B (vacuolar protein sorting 33B) to inhibit phagosome acidification and block fusion with lysosomes, respectively (16, 62) .
PtkA phosphorylates PtpA on Tyr-128 and Tyr-129, which are located in the D-loop of PtpA together with the catalytically critical Asp-126 residue. Further supporting PtkA phosphorylation of PtpA, the interface between PtpA and PtkA is at the Pand D-loops of PtpA (63) . Although the functional role of PtpA phosphorylation by PtkA is unknown, the D-loop of PtpA switches from an "open" to a "closed" conformation upon binding to a substrate (63) . Thus, PtkA phosphorylation of PtpA Tyr-128 and Tyr-129 might modulate the conformational change of the D-loop, thereby regulating the phosphatase activity of PtpA. It is also interesting to note that the human lowmolecular-weight protein-tyrosine phosphatase HCPTP-A, which has 37% sequence similarity to PtpA, was found to be phosphorylated in vitro by pp60 v-Src on Tyr-131 and Tyr-32 residues located in the D-loop (64) . Furthermore, phosphorylation of each site results in different effects on phosphatase structure and function. Whereas Tyr-131 phosphorylation leads to a 25-fold increase in HCPTP-A activity, Tyr-132 phosphorylation serves as a signal for the recruitment and binding of the Grb2 adaptor protein. Therefore, it is tempting to speculate that PtkA phosphorylation of PtpA might similarly have dual effects by enhancing PtpA activity and signaling for the formation of a multisubunit protein complex that plays a role in M. tuberculosis pathogenesis.
Intriguingly, PtkA is predicted to localize to the mycobacterial cell wall or outer membrane (65) . The last gene in the PtpA operon, Rv2235, is also predicted to possess three transmembrane helices and was previously identified in the cell wall fraction of M. tuberculosis H37Rv (66) . Based on these localizations, PtkA may play a role in regulating the export of PtpA instead of, or in addition to, the maintenance of PtpA activity in the host macrophage. Further investigation is needed to fully understand the functional role of PtkA phosphorylation of PtpA.
The PtkA-PtpA operon is conserved among numerous species of the Actinomycetes order, including the genera Rhodococcus, Corynebacterium, Gordonia, Amycolicicoccus, and Mycobacterium, albeit with limited individual protein homology (39 -76% identity for PtkA) (Fig. 2) . The fact that the whole operon is conserved suggests that these PtkA homologs are also protein-tyrosine kinases; however, the low-percent identity indicates that a common broader biological phenotype is associated with this operon rather than specific targets. In contrast, this operon is highly conserved (100% protein identity) uniquely within the M. tuberculosis complex (Fig. 2) , which utilizes PtpA for virulence (61) . In addition, individual orthologs of PtkA exist among all domains of life (Fig. 2) . In total, 924 unique orthologs of PtkA were found using a FastA alignment in the KEGG Sequence Similarity Database at the time of this writing (Fig. 2) . Representatives of these sequences with the highest homology to PtkA, as well as the top 15 eukaryotic orthologs, are shown as a dendrogram in supplemental Fig. S1 , and they show a clear clustering of PtkA orthologs where the ptpA operon is also conserved. Interestingly, the phylogenetic distribution of the 924 orthologs revealed a subset of 220 proteins with closest homology to PtkA (supplemental Fig. S2 ). Sequence analysis of these 220 orthologs revealed at least five conserved domains (Fig. 3, bars) , including the DXD motif (hhhDhDGTh), and two lysine residues that are required for PtkA kinase activity (hXhX(S/T)XK and KX(D/E)hhXXXh) (16) . Additionally, numerous Gly and hydrophobic residues are conserved ( Fig. 3, asterisks) . Whereas the autophosphorylating Tyr-262 residue of PtkA is conserved only in ϳ60% of the sequences, a second Tyr at position 260 is found in the majority of the remaining sequences ( Fig. 3) and thus may require manual alignment. Further experiments are required to verify that these proteins are in fact tyrosine kinases and to determine whether the conserved sequences identified here are too broad or too restrictive.
Concluding Remarks
The prominent roles of PPTKs in bacterial physiology are highlighted by the recent discovery of 512 unique phosphotyrosine sites on 384 E. coli proteins, corresponding to up to 6% of the E. coli proteome (67) . This level of tyrosine phosphorylation is far more prevalent than previously thought and exceeds even tyrosine phosphorylation events reported in mammalian cells (68) . These identified phosphoproteins are involved in important cellular processes, including cell division, virulence, transport, transcription, and translation, and they are central to numerous metabolic pathways (67) . Furthermore, up to almost half of the tyrosine phosphorylation events could not be accounted for by the only two known tyrosine kinases, Wzc and Etk of the BY-kinase family (67) , indicating the existence of as-of-yet unidentified PPTK(s) in the E. coli genome.
The discovery of PtkA represents a new member of an atypical tyrosine kinase in bacteria and establishes a novel function of HAD proteins. Through distribution and primary sequence analysis, we propose that PtkA is a representative of a new group of "odd" PPTKs that use the HAD phosphoryl transfer mechanism for protein tyrosine phosphorylation. PtkA phosphorylation of PtpA, a key virulence factor in M. tuberculosis, marks the involvement of tyrosine kinases in microbial pathogenesis and represents an unexplored area for anti-infective drug discovery (69) .
The diverse variety of PPTKs indicate that prokaryotes possess a much wider repertoire of signaling proteins compared with eukaryotes. With thousands of uncharacterized BY-ki- nases, novel Hanks-type DSPKs, and the recent addition to the "odd" PPTK family, it is likely that we are just beginning to scratch the surface of the prominent role of tyrosine phosphorylation in bacterial physiology.
